At high ambient temperature, plants display dramatic stem elongation in an adaptive response to heat. This response is mediated by elevated levels of the phytohormone auxin and requires auxin biosynthesis, signaling, and transport pathways. The mechanisms by which higher temperature results in greater auxin accumulation are unknown, however. A basic helix-loop-helix transcription factor, PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), is also required for hypocotyl elongation in response to high temperature. PIF4 also acts redundantly with its homolog, PIF5, to regulate diurnal growth rhythms and elongation responses to the threat of vegetative shade. PIF4 activity is reportedly limited in part by binding to both the basic helix-loop-helix protein LONG HYPO-COTYL IN FAR RED 1 and the DELLA family of growth-repressing proteins. Despite the importance of PIF4 in integrating multiple environmental signals, the mechanisms by which PIF4 controls growth are unknown. Here we demonstrate that PIF4 regulates levels of auxin and the expression of key auxin biosynthesis genes at high temperature. We also identify a family of SMALL AUXIN UP RNA (SAUR) genes that are expressed at high temperature in a PIF4-dependent manner and promote elongation growth. Taken together, our results demonstrate direct molecular links among PIF4, auxin, and elongation growth at high temperature.
indole-3-acetic acid | TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1 | CYP79B2 T he hormone indole-3-acetic acid (IAA, or auxin) is fundamental to plant growth and development, controlling many key aspects of shoot and root growth (1) . When plants are grown at elevated temperatures, IAA levels increase, resulting in increased hypocotyl elongation (2, 3) . Although genetic studies in Arabidopsis have demonstrated that this growth response is dependent on auxin biosynthesis, signaling, and transport pathways, precisely how high temperature promotes an increase in auxin levels has not been established. There are multiple pathways for the de novo synthesis of IAA, the major naturally occurring plant auxin, which are often classified according to whether or not they require the precursor tryptophan (4) . Although progress has been made in elucidating some of the enzymes involved in IAA biosynthesis, our understanding of these pathways and their regulation remains rudimentary.
In addition to auxin, the basic helix-loop-helix transcription factor PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) is also required for temperature-dependent hypocotyl elongation (5, 6) . PIF4 has emerged as a key regulator of elongation in response to external signals, such as temperature and light, as well as internal signals, including gibberellin and the circadian clock (7) (8) (9) (10) (11) (12) . In the present work, we investigated potential mechanistic links between PIF4 and IAA in the control of temperatureinduced hypocotyl elongation. We found that PIF4 promotes IAA biosynthesis, possibly by activating the expression of key IAA biosynthetic genes in a temperature-dependent manner.
Results and Discussion
Given that stem elongation at high temperature is dependent on both auxin and PIF4, we tested whether the greatly attenuated elongation response of pif4-101 mutants to high temperatures is the result of reduced auxin levels. Consistent with previous work, WT seedlings grown at 28°C display significantly higher IAA levels compared with controls at 20°C. Increased IAA levels also were found in plants transferred from 20°C to 28°C for 24 h. In contrast, auxin up-regulation was abolished in pif4-101 mutants at 28°C (Fig. 1A) . These results indicate that the attenuated hypocotyl elongation phenotype observed in pif4-101 likely results from reduced auxin levels under these conditions.
To analyze auxin activity in planta, the auxin-responsive DR5-GUS reporter construct (13) was introduced into the pif4-101 background. GUS transcript abundance was measured in seedlings transferred from 20°C to 28°C. Homozygous pif4-101 DR5-GUS progeny resembled pif4-101 mutants in hypocotyl elongation assays at 20°C and 28°C (Fig. S1 ). Increased levels of GUS transcript were recorded in WT controls after transfer to 28°C for 24 h (Fig. 1B) . Significant high-temperature-mediated hypocotyl elongation was observed at this time point (Fig. S1 ). In contrast, no significant increase in GUS transcript abundance was recorded in pif4-101 at 28°C (Fig. 1B) , consistent with the reduced auxin abundance and hypocotyl elongation response in these plants (Fig. 1A and Fig. S1 ). Taken together, these data indicate that PIF4 is required for high-temperature-mediated increases in IAA levels and suggest that the reduced hypocotyl elongation of pif4-101 seedlings is due to an inability to increase auxin levels in response to elevated temperatures. If this is so, then hypocotyl elongation should be restored to pif4-101 by the application of exogenous auxin in these conditions. Although IAA overproduction mutants exhibit increased hypocotyl elongation (14) (15) (16) (17) , exogenous IAA or the common synthetic auxins 2,4-D or 1-NAA do not phenocopy this response (18) , presumably due, at least in part, to inefficient uptake. In contrast, the synthetic auxin picloram, as well as recently discovered "proauxin" compounds that efficiently enter plant tissues and are subsequently hydrolyzed to release functional auxins (17) , can efficiently promote hypocotyl elongation. Thus, we tested the ability of picloram and the proauxin 6027864 (17) to rescue the hypocotyl elongation defect of pif4-101 seedlings at high temperature. Both compounds largely restored hypocotyl elongation to pif4-101 seedlings (Fig. 1C and Fig. S2 ), supporting our hypothesis that auxin deficiency contributes to the hypocotyl elongation defect of pif4 mutants grown at elevated temperature.
To determine how PIF4 might control auxin levels, we surveyed the expression of auxin biosynthesis genes previously implicated in temperature or shade avoidance responses. The Arabidopsis aminotransferase TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA1, also called TRANSPORT INHIBITOR RESPONSE 2/TIR2), has been shown to catalyze in vitro indole-3-pyruvic acid formation from tryptophan, a potentially important step in IAA biosynthesis (19) (20) (21) . Mutants deficient in TAA1 exhibit impaired elongation responses to high temperature (19) (20) (21) . Interestingly, the TAA1 promoter appears to be activated in these conditions (6, 19, 20) . In what is likely a separate IAA biosynthesis pathway (22) , the cytochrome P450s, CYP79B2, and CYP79B3 convert tryptophan to indole-3-acetaldoxime (23) . Mutants deficient in CYP79B2 and CYP79B3 exhibit reduced levels of IAA and short hypocotyls. These phenotypes are enhanced by growth at 26°C, suggesting a role for CYP79B2 and CYP79B3 in high-temperature-mediated auxin elevation (24) . Thus, we investigated the expression of TAA1 and CYP79B2 under our experimental conditions. Both genes consistently displayed increased transcript abundance after transfer to high temperature. High-temperature-mediated induction of TAA1 and CYP79B2 was greatly reduced in pif4-101 mutants, suggesting a role for PIF4 in the temperature-dependent regulation of expression of these genes ( Fig. 2 A and B) .
PIF4 and PIF5 have been shown to bind E-box (CANNTG) and G-box (CACGTG) motifs in target genes (12) . Both of these are present in TAA1 and CYP79B2 (Fig. 2C ). To examine whether PIF4 might directly regulate TAA1 and CYP79B2 expression, we used ChIP assays with primers spanning both the promoter and upstream coding regions of both genes. Because PIF4 is a light-sensitive protein, transgenic lines (35S::PIF4:HA) constitutively expressing HA-tagged PIF4 were grown in light/ dark cycles and harvested at the end of the night period (7, 8) . A temperature shift from 12°C to 27°C was used because of the large difference in hypocotyl elongation between these two conditions (25) . Interestingly, increased enrichment of TAA1 and CYP79B2 promoter and upstream coding sequences was recorded at the higher temperature ( Fig. 2 D and E) . These data confirm that PIF4 binds both TAA1 and CYP79B2. Although the data support a direct regulatory mechanism, PIF4 might regulate these genes indirectly. In the former scenario, enhanced binding at higher temperatures would provide a potential mechanism for the increased gene expression and auxin biosynthesis occurring under these conditions. Although the basis for the temperaturedependent binding of PIF4 to these promoters remains to be established, changes in PIF4 abundance do not appear to be involved, given a previous report of similar PIF4-HA protein levels at lower and higher temperatures (6) . Auxin regulates the expression of hundreds of genes (26) . Among the primary auxin-induced genes are three large gene families, Aux/IAA, GH3, and SMALL AUXIN UP RNA (SAUR) genes. Aux/IAA and GH3 genes have been found to function in negative-feedback pathways to attenuate auxin responses (27) , but the function of SAUR genes is unknown. The expression patterns of SAUR genes suggest a correlation with elongation growth; indeed, it has been suggested that SAURs are downstream targets in hypocotyl elongation during shade avoidance (28) .
Multiple auxin-regulated genes have been shown to display up-regulation after transfer of Arabidopsis seedlings to high temperature. Curiously, the vast majority of these were SAUR genes, belonging to the SAUR19-24 and SAUR61-68 subfamilies (6) . The six members of the SAUR19-24 subfamily are found in a tandem array on chromosome 5 and encode closely related proteins (27) . We investigated the role of PIF4 in mediating the up-regulation of these SAUR genes at high temperature. Transcript abundance of each SAUR gene was recorded in WT and pif4-101 seedlings after transfer from 20°C to 28°C. Increased expression of SAUR19-24 was consistently observed after transfer of WT plants to high temperature (Fig. 3A) . In contrast, this response was dramatically attenuated in pif4-101, demonstrating that temperature-induced expression of SAUR19-24 gene expression requires PIF4 function. To test whether pif4-101 has a general defect in sensing temperature, we examined HEAT SHOCK PROTEIN 70 (HSP70) expression. The HSP70 gene has been shown to display a graded response to ambient temperature in Arabidopsis, thereby acting as a cellular thermometer (25) . Unlike the SAUR19-24 genes, HSP70 expression was strongly up-regulated by high temperature in pif4-101 seedlings, demonstrating that pif4 mutants are not defective in temperature perception (Fig. S3) .
We investigated the tissue-specific expression of SAUR19 family members using SAUR promoter-reporter lines (pSAUR-GUS). Consistent with qPCR data (Fig. 3A) , we found increased pSAUR-GUS expression at high temperatures (Fig. 3B) . The increased expression of all pSAUR-GUS fusion constructs was localized predominantly to hypocotyls, consistent with a role of SAURs in mediating elongation growth. We further analyzed pSAUR19-GUS and pSAUR24-GUS expression in the pif4-101 background at 20°C and 28°C. pif4-101 displayed dramatically reduced GUS expression compared with WT controls at 28°C (Fig. 3B ), further supporting a role for PIF4 in high-temperature-mediated SAUR gene induction.
Expression and localization data suggest that the SAUR19-24 subfamily may function as key downstream targets in high-temperature-mediated elongation growth (Fig. 3 ). Thus, we tested whether increased SAUR activity could rescue the pif4-101 mutant phenotype at high temperature. Given the high sequence similarity and functional redundancy in the SAUR19-24 subfamily, one member, SAUR19, displaying considerable hightemperature-mediated induction (Fig. 3 A and B) , was chosen for analysis. Multiple transgenic lines carrying a 35S-GFP-SAUR19 transgene were generated by transforming Col-0 plants, and representative lines were then crossed into the pif4-101 background. At 20°C, SAUR19 overexpression resulted in a ≤2-mm increase in hypocotyl growth in both backgrounds (Fig. 4) . Interestingly, SAUR19 overexpression rescued the hypocotyl elongation defect of pif4-101 mutants at 28°C (Fig. 4) . Taken together, our results indicate that high temperatures drive hypocotyl elongation through a PIF4-dependent up-regulation of auxin levels. A major output of this auxin up-regulation appears to be SAUR activity, given that SAUR19 overexpression alone is sufficient to rescue hypocotyl elongation in pif4-101 at high temperatures.
Conclusion
In this work, we have elucidated a key molecular mechanism controlling plant growth via the transcriptional regulator PIF4. The PIF subfamily of basic helix-loop-helix transcription factors are emerging as cellular "hubs" of environmental signal integration (12) . We and others have previously established that PIF4 integrates both light and temperature signals to regulate plant development (5) (6) (7) (8) (9) (10) (11) (12) 29) . Unlike shade avoidance, where functional redundancy is observed between PIF4 and PIF5 in driving elongation growth, PIF4 appears to perform a dominant role in high-temperature conditions. However, a small, PIF4-independent response can be observed when seedlings are grown on media (5) (Fig. 4) . Although various PIF4 targets have been identified (10), the molecular mechanisms by which PIF4 drives elongation growth are unknown. We conclude that changes in PIF4 activity at high temperature control plant architecture through the regulation of auxin biosynthesis. Interestingly, PIF4 regulates the expression of both TAA1 and CYP79B2, which encode enzymes thought to function in distinct IAA biosynthetic pathways. Because both taa1 and cyp79b2 cyp79b3 mutants exhibit reduced hypocotyl elongation at high temperatures (19) (20) (21) 24) , PIF4-dependent up-regulation of both pathways may be necessary to elevate IAA levels to the point necessary to achieve this growth response. Furthermore, additional IAA biosynthesis genes also may be subject to PIF4 regulation, given that TAA1 does not appear to catalyze a ratelimiting step in IAA biosynthesis, at least during growth at 22°C (19-21). Stavang et al. (6) reported that the YUCCA family members YUC8 and YUC9 are strongly induced by high temperature, making these genes strong candidates for additional PIF4 targets.
Our findings suggest that auxin elevation increases the expression of target SAUR genes in hypocotyls, which may drive elongation growth. The finding that SAUR19 overexpression alone is sufficient to restore hypocotyl elongation to pif4 mutants at 28°C is intriguing, suggesting that SAUR genes may be the primary targets of the auxin response pathway during high-temperature-mediated growth. But additional input from the temperature pathway is still required for maximal response; SAUR19 overexpression conferred only a modest increase in hypocotyl length at 20°C. The effects of high temperature on SAUR stability and activity remain to be explored.
Taken together, our data suggest that PIF4 is a key node in the regulation of plant growth in response to high temperatures and is able to trigger an increase in auxin biosynthesis. The ability of PIF4 to bind DNA in a temperature-dependent manner is particularly interesting and may reflect direct regulation of auxin biosynthesis genes through a chromatin-mediated mechanism (25) . PIF4-mediated changes in auxin abundance possibly may promote growth in other signaling systems. Consistent with this idea, stem elongation during plant shade avoidance has been shown to involve both PIF4-and TAA1-mediated auxin biosynthesis (8, 19) . In diurnal cycles, circadian and light regulatory mechanisms controlling PIF4 abundance coincide to promote elongation growth at the end of the night (7). Interestingly, the transcriptional sensitivity of plants to auxin displays circadian regulation, with maximum responsiveness occurring during the same period (30) . Endogenous rhythms in auxin abundance occur later in the subjective day, display PIF4-independence, and involve the Myb-like transcriptional regulator REVEILLE 1 (RVE 1) (31). Thus, PIF4 likely functions in part to regulate auxin-mediated changes in plant architecture in response to external stress signals. Recent transcriptomic analyses have suggested a role for PIF5 (and possibly PIF4) in modulating plant auxin sensitivity (32) . Thus, the functional redundancy between PIF4 and PIF5 in diurnal and shade avoidance growth responses (7, 8) may represent regulation of auxin abundance and sensitivity/signaling. Understanding the precise functions, mechanisms, and interactions between PIFs in environmental signal crosstalk remains a major area of future research.
Materials and Methods
Plant Material. All experiments were performed in the Col-0 accession of Arabidopsis thaliana. The functionally null pif4-101 mutant and HA-tagged 35S-PIF4 lines have been described previously (5) (6) (7) (8) . For measurement of auxin activity, DR5-GUS reporter lines (13) were crossed with pif4-101 mutants, and homozygous lines were selected based on analysis of basta resistance and GUS activity.
Plant Growth. For all experiments, seeds were surface-sterilized in 10% bleach, rinsed three times in distilled water, and grown vertically on ATS media plates containing 1% sucrose (33) . With the exception of ChIP analyses, all experiments were performed under continuous irradiation and constant temperature. White light was provided by fluorescent tubes at a photon irradiance of 100 μmol m −2 s −1 .
IAA Analysis. Seedlings were harvested after 6 d at 20°C or 28°C, or after 5 d at 20°C, followed by a 24-h shift to 28°C. IAA extraction and measurement were performed as described previously (34) . IAA content was determined from six independent measurements of each line/treatment. Data were analyzed using Tukey's test.
Hypocotyl Measurements. Seedlings were grown as for IAA analysis. Measurements of hypocotyl length were recorded using ImageJ software (http: //rsbweb.nih.gov/ij/). At least seedlings were measured for each genotype in each condition. Data were analyzed using the Student t test. For experiments involving exogenous auxin, seedlings were grown for 2 d at 20°C before being transferred to control plates, plates containing 0.1 μM picloram (Sigma-Aldrich), or plates containing varying concentrations (10 nm, 100 nm, and 1 μM) of proauxin compound 6027864 (Chembridge) for 6 d at 28°C.
Gene Expression. RNA extraction, cDNA synthesis, and qPCR were performed as described previously (35) . Expression values were normalized to ACTIN2 using the Actin F and Actin R primers (Table S1 ). GUS expression was analyzed in DR5-GUS and pif4/DR5-GUS seedlings grown as for IAA analyses using the GUS F and GUS R primers (Table S1 ). For analyses of TAA1 and CYP79B2 expression, seedlings were grown as for IAA analyses and qPCR was performed using the primers TAA1 F, TAA1 R, CYP79B2 F, and CYP79B2 R (Table S1 ). For analyses of SAUR gene expression, seedlings were grown at 20°C for 6 d before being transferred to 28°C for 6 h. The following primers were used for qPCR: SAUR19 F, SAUR19 R, SAUR20 F, SAUR20 R, SAUR21 F, SAUR21 R, SAUR22 F, SAUR22 R, SAUR23 F, SAUR23 R, SAUR24 F, and SAUR24 R (Table S1 ). For analyses of HSP70 expression, seedlings were grown at 20°C for 6 d before being transferred to 28°C for 6 h. The HSP70 F and HSP70 R primers were used for qPCR. Data were analyzed using the Student t test.
ChIP. ChIP was performed as described previously (25) with minor modifications. Seedlings were grown in 8-h light/16-h dark cycles at 12°C for 7 d or 5 d at 12°C, then transferred to 27°C for 48 h. Material was cross-linked immediately before dawn. Immunoprecipitation was performed using 1.5 g of tissue and 4 μg of antibody (HA-tag antibody ab9110; Abcam). ChIP was performed using magnetic beads (Dynabeads M-270 Epoxy; Invitrogen) coated with rabbit IgG (15006; Sigma-Aldrich). Immunoprecipitated DNA was eluted after reverse cross-linking by boiling at 95°C for 1 min in the presence of 10% Chelex (Biorad), followed by treatment with proteinase K.
The following primers were used for qPCR analysis of sequence enrichment: TAA1 (1) F, TAA1 (1) R, TAA1 (2) F, TAA1 (2) R, TAA1 (3) F, TAA1 (3) R, TAA1 (4) F, TAA1 (4) R, CYP79B2 (1) F, CYP79B2 (1) R, CYP79B2 (2) F, CYP79B2 (2) R, CYP79B2 (3) F, CYP79B2 (3) R, CYP79B2 (4) F, and CYP79B2 (4) R (Table S1 ). Mock reactions were performed without antibody to control for nonspecific pull-down of target sequences. Data were compared between ChIP and mock samples and between 12°C-and 27°C-treated samples using the Student t test. 
